AD

Award Number: DAMD17-98-1-8269

TITLE: Analysis BAP-1 as a Ubiquitin Hydrolase in the BRCAl
Pathway

PRINCIPAL INVESTIGATOR: David C. Schultz, Ph.D.

CONTRACTING ORGANIZATION: The Wistar Institute
Philadelphia, Pennsylvania 19104

REPORT DATE: October 2001
TYPE OF REPORT: Annual Summary

PREPARED FOR: U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

DISTRIBUTION STATEMENT: Approved for Public Release;
Distribution Unlimited

The views, opinions and/or findings contained in this report are
those of the author(s) and should not be construed as an official
Department of the Army position, policy or decision unless so
designated by other documentation.

20020909 058




David C. Schultz, Ph. D.

Table of Contents

GOV T . e euiuituiuiasnreresesnses s rserasasasrasaserasassasnstasantaransssninasasnssssasasearasasss 1
(] Sl - T USSP PP PP RPRPPP 3

T3 T4 o Yo L1 £ o 3 TR PP PPPPPP 4

= 7T | PSP PP PP PPPPRPPPE PP TTPIES 4
Key Research Accomplishments.......c...coooviiiiiiniimiiiinn, 8
Reportable OUtCOMES.......cciveeiimiiiiiiiinii s 8
CONCIUSIONS....iuieniereierereiiirers st aret s ar s rse st rarns s s n s sss s s ssnsnanas 9
RO OIENCES .. uieierineirreirearrrsttisaserasasstaseratsrasataraseeennsssrsntrasirsssssrssss 10
APPENICES.......riiiiuiiiiiiiiir N/A




~

REPORT DOCUMENTATION PAGE

Form Approved
OMB No. 074-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining
the data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for
reducing this burden to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of

Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503

1. AGENCY USE ONLY (Leave blank} | 2. REPORT DATE
October 2001

3. REPORT TYPE AND DATES COVERED
Annual Summary (1 Oct 00 - 30 Sep 01)

4. TITLE AND SUBTITLE

Analysis BAP-1 as a Ubiquitin Hydrolase in the BRCAl

Pathway

5. FUNDING NUMBERS
DAMD17-98-1-8269

6. AUTHOR(S)

David C. Schultz, Ph.D.

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)
The Wistar Institute
Philadelphia, Pennsylvania 19104

E-Mail: dshultz@wistar.upenn.edu

8. PERFORMING ORGANIZATION
REPORT NUMBER

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES)

U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

10. SPONSORING / MONITORING
AGENCY REPORT NUMBER

11. SUPPLEMENTARY NOTES
Report contains color

12a. DISTRIBUTION / AVAILABILITY STATEMENT
Approved for Public Release;

Distribution Unlimited

12b. DISTRIBUTION CODE

13. ABSTRACT (Maximum 200 Words)

The BRCALI- associated protein ZBRK1 is a member of the KRAB domain-zinc-finger protein (ZFPs) superfamily. The more than
220 KRAB-ZFPs encoded by the human genome function as gene-specific silencers. Silencing requires binding to the CO-Tepressor,
KAP-1, that in turn coordinates the activities of large macromolecular complexes that modify chromatin structure. The PHD finger
and bromodomain of KAP-1 recruits the NuRD HDAC complex whereas a separate region of KAP-1 binds directly to the
chromoshadow domain of the HP1 protein family. Since the HP1 chromodomain can bind to the methylated Lys-9 in histone H3,

we looked for this activity in KAP-1 repression complexes. We

have recently discovered a novel KAP-1 associated H3, Lys-9

specific histone methyltransferase, SETDB1. The enzymatic activity of SETDBI1 increased HP1 binding to histone H3 and CHIP
experiments showed co-localization of KAP-1, SETDB1, and HP1 along with increased H3 Lys-9 methylation of chromatin at an
endogenous target gene to stably repress expression. KAP-1 is the first example of a co-repressor/scaffold protein that can
cpordlnate the sequential recruitment of HDAC complexes, histone methylase, and the deposition of HP1 at a euchromatic locus to
silence gene expression in a manner consistent with epigenetic regulation. These studies define the molecular machinery utilized by
ZBRKI to regulate gene expression, current studies are focused at evaluating the role of KAP1:SETDB1:HP1 and ZBRK1:BRCAI

regulation of endogenous target genes.

14. SUBJECT TERMS

15. NUMBER OF PAGES

methylation, HP1, 43

16. PRICE CODE

Breast Cancer, Epigenetic regulation, Histone
KRAB-ZFP
17. SECURITY CLASSIFICATION | 18. SECURITY CLASSIFICATION
OF REPORT OF THIS PAGE
Unclassified Unclassified

19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
OF ABSTRACT

Unclassified

Unlimited

NSN 7540-01-280-5500

Standard Form 298 (Rev. 2-89)
Prescribed by ANSI Std. Z39-18
298-102




David C. Schultz, Ph. D.

Introduction:

The molecular basis of breast cancer is rapidly being defined. Genetic analyses of large
affected kindreds have identified deleterious mutations in at least three to five genes (i.e. BRCAI,
BRCA2, TP53, CHK?2, and PTEN) that confer inherited susceptibility to breast cancer. Although
mutations in the genetic code of these genes explains the molecular anatomy of hereditary breast
cancers, little is known about the molecular genetics of sporadic forms of the disease. Although well-
defined genetic mutations in tumor suppressor genes and oncogenes firmly establishes a causative role
for the effected gene during pathogenesis, a frenzy of studies have revealed additional mechanisms that
contribute to oncogenic conversion, including epigenetic changes in regulation of gene expression. A
plethora of biochemical data is pointing to DNA-packaging proteins as the key regulators of epigenetic
controlled expression or silencing of the genetic code. Distinct post-translational modifications of the
NH3-terminal tails of the core histone proteins can generate synergistic or antagonistic interaction
affinities for non-histone chromosomal proteins that in turn dictate the dynamic transitions between
transcriptionally active or silent chromatin states. It is the combinatorial nature of this developing
“histone code” that may considerably extend the information potential of our DNA. It is postulated
that this epigenetic marking system represents a fundamental regulatory system that will impact nearly
all chromatin-templated processes, with global consequences observed in cell-fate decisions in both
normal and pathological development. An increasing number of reports describe oncogenic mutations
in the molecular machinery responsible for maintaining chromatin structure, further emphasizing the
importance of chromatin in regulation of transcription and genome stability during tumorigenesis (1).

The research focus during the final year of this fellowship continued to address specific
structural and biochemical questions about mechanisms of transcriptional repression conferred by the
KRAB domain zinc finger protein superfamily of sequence specific transcription factors. These
studies are particularly relevant to breast cancer research in several ways.  First, The BRCAl-
associated protein ZBRK1 is a member of the KRAB domain-zinc-finger protein (ZFP) family (12).
This association implies a role for the KRAB:KAP-1 repression system in BRCA-mediated
transcription responses. Second, the expression of HP1al, a non-histone chromosomal protein, has
been shown to be significantly down regulated in breast cancer cells that acquire a more aggressive
metastatic phenotype (4). We have previously shown that KAP-1 directly interacts with the HP1
family of proteins. Furthermore, during the support period of this award I biochemically purified a
macromolecular complex that implicates HP1 in replication-dependent maintenance of
heterochromatin. We postulate that loss of HP1a expression results in either activation of pro-
metastasis genes or global chromosomal instabilities. Finally, recent studies have demonstrated
differential programs of gene expression during malignant breast cancer progression that correlate with
tumor stage and clinical outcomes (11). Profiling gene expression in breast tumors may assist
molecular diagnosis, determine therapeutic regimens, and predict patient survival. Thus, once basic
mechanisms of transcription regulation in chromatin are defined, new and innovative approaches, both
genetic and pharmocologic, can be designed to reverse aberrant, gene expression profiles involved in
cancer phenotype. I believe the findings of this research will have broad implication in many scientific
disciplines, including transcriptional regulation, structural biology, chromatin structure/function,
development, and cancer biology.

Summary of Research
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The KRAB (Kriippel Associated Box) domain is one example of an abundant amino acid
sequence motif found at the NH2-terminus of 240 independent Kriippel/TFIIIA type C2H2 zinc finger
proteins. This highly conserved domain displays potent, DNA-binding dependent repression of
transcription that requires a unique corepressor protein, KAP-1(3, 5). Structurally, KAP-1 possesses
consensus amino acid sequences for a RING finger, B-boxes, leucine zipper Coiled-Coil region, PHD
finger, and bromodomain. Biochemical studies of KAP-1 indicate that the tripartite RBCC region
functions as an integrated structural unit that is necessary and sufficient for KAP-1 oligomerization and
KRAB recognition (6, 7). During the support period of this fellowship, amino acid sequences carboxy-
terminal to the RBCC domain were dissected into at least two non-overlapping repression domains.
The first of these domains is defined by amino acids that facilitate a direct interaction between KAP-1
and mammalian members of the non-histone chromosomal protein, heterochromatin protein 1 (HP1).
Mutations within a core pentapeptide sequence within KAP-1 (PxVxL) disrupt this interaction in vitro
and reduce the overall efficiency of KAP-1 to repress transcription when tethered to DNA templates in
vivo. Immuno-localization studies in interphase nuclei of NIH/3T3 cells revealed that KAP-1 staining
is almost exclusively nuclear, excluded from nucleoli, and concentrated in islands of condensed DNA
consistent with pericentromeric heterochromatin. Dual staining immunofluoresence studies revealed
that endogenous KAP-1 colocalized with both heterochromatic and euchromatic HP1 proteins in
interphase nuclei. From these data, we postulated that gene-specific repression by the KRAB-
ZFP/KAP-1 complex in part may be a consequence of the formation and/or maintenance of
heterochromatin-like chromosomal environments (9).

The KAP-1 PHD finger and bromodomain define a separate transcriptional repression activity.
This tandem arrangement of motifs is frequently observed in transcriptional cofactor proteins, but
functionally remains to be fully defined. Ihave shown that the PHD finger and bromodomain of KAP-
1 form a cooperative unit that is required for the optimal transcriptional repression properties of KAP-
1. As an independent strategy to gain some insights to the biochemical function of the PHD finger, we
have determined the first three-dimensional structure of the minimal PHD finger of KAP-1 by NMR
methods. Our studies revealed that the PHD domain from the KAP-1 corepressor binds zinc in a cross-
brace topology between anti-parallel B-strands reminiscent of RING domains, suggesting a potential
role in protein:protein interactions (2). Substitution of highly related PHD fingers or bromodomains
failed to restore repression activity, suggesting high specificity in their cooperative function.
Moreover, single amino acid substitutions in either the bromodomain or PHD finger, including ones
that mimic disease-causing mutations in the hATRX PHD finger abolish repression. These data are
consistent with this bipartite domain providing a specific interface for protein-protein interactions. A
search for effectors of this repression function identified an interaction with a unique isoform of the
Mi-20. protein, an integral component of the histone deacetylase complex/chromatin remodelling
complex NuRD. Endogenous KAP-1 is associated with Mi-20o. and other components of NuRD, and
this in vivo association requires the PHD finger and bromodomain of KAP-1. Furthermore, I
demonstrated that KAP-1 mediated silencing in vivo requires association with NuRD and HDAC
activity. These data suggest the KRAB-ZFP superfamily of repressors functions to target the histone
deacetylase and chromatin remodeling activities of the NuRD complex to specific gene promoters in
vivo (10).

In the same two-hybrid screen that identified Mi-2a0 as an effector of the KAP-1
PHD/bromodomain repression, an additional interacting protein was identified whose primary amino
acid sequence revealed the presence of a SET domain, another conserved amino acid motif found in
many proteins with roles in the regulation of chromatin structure. I have subsequently named this
protein KIS1 for KAP-1 Interacting SET protein-1. Proteins that possess the SET domain homology
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have been shown to possess intrinsic histone methyltransferase (HMTase) activity (8). To test whether
KIS1 possessed HMTase activity similar to its related family members, I expressed and purified a
recombinant GST-KIS1 fusion protein encoding for the entire putative catalytic domain. Unlike other
SET domain proteins, the recombinant KIS1 protein failed to demonstrate any appreciable methylase
activity towards a core histone substrate. From this observation, I postulated that KIS1 may require
some post-translational modification or cellular cofactor in order to function as a histone methylase.
Therefore, I generated a FLAG-epitope tagged mammalian expression vector. Peptide eluates of anti-
FLAG immunopurified KIS1 from transiently transfected HEK293 cells revealed a dose-dependent
histone H3-specific methyltransferase activity for both a core histone substrate and mononucleosomes.
A partial deletion of the SET domain or synthetic amino acid substitutions of highly conserved
residues in the SET domain significantly effect this enzymatic activity, whereas a deletion of the
putative KID (KAP-1 Interaction Domain) domain had no effect. Thus, similar to other members of the
SET domain family of histone methyltransferases, KIS1 requires the SET domain for methylase
activity.

To confirm the specificity of the observed enzymatic activity for histone H3 and the specific
site of methylation, I used purified recombinant GST-histone tail proteins as substrates in the
methylase assay. These experiments confirmed that KIS1 is a histone H3 specific methyltransferase.
This methylation event absolutely requires lysine-9 of histone H3, as a substrate possessing an arginine
substitution of lysine-9 (GST-K4R) in the context where the remaining amino acids represent the wild-
type histone H3 tail failed to be methylated by KIS1. Moreover, this observation indicates that
additional post-translational modifications (i.e. acetylation, phosphorylation) of the substrate are not
required for the activity of KIS1 for Lys 9 of histone H3. Methylation of an unmodified histone H3
tail by KIS1 increased the affinity of HP1a: for the NH3-terminal tail of histone H3. This binding of
HP1a to the H3 tail depends on the integrity of the chromodomain of the HP1 proteins, as a specific
mutation (V21M) in this domain disrupts the binding activity. Interestingly, a mutation in the
chromoshadow domain that effects the dimerization (I165K) of HP1 also impaired the HP1:histone
interaction.

Since KIS1 is fully capable of methylating an unmodified histone H3, I tested whether other
post-translational modifications (i.e. acetylation, methylation, and phosphorylation) of histone H3
effect the KIS1 methylase activity. For these assays a panel of peptide possessing either an individual
or a combination of modifications were used as substrates. KIS1 robustly methylated the unmodified
H3 substrate, but not the H4 peptide. As expected, methylation or acetylation of lysine 9 inhibited the
methylation of the substrate. Phosphorylation of serine 10 also dramatically effected the methylation
of the substrate. Furthermore, a substrate acetylated at lysine 14 was methylated by KIS1, albeit to a
much lesser extent than the unmodified. These observations are quite similar to that previously
observed for the related lysine 9 specific histone H3 methltransferase SUV39H1, indicating that these
proteins likely recognize the substrate in a similar fashion and possess a similar catalytic mechanism.
Thus, I conclude that in vivo the ability of KIS1 to methylate histones within a target locus will likely
require coordination with deacetylase complexes and putative histone phosphatases. Consistent with
this hypothesis, pretreatment of calf thymus histones with the histone deacetylase complex NuRD
significantly enhanced KIS1-mediated methylation of the substrate.

To confirm that endogenous KIS1 possesses methylase activity we derived monoclonal and
polyclonal antibodies. Using polyclonal antisera against KIS1, I could efficiently immunodeplete
nearly all the histone H3 methylase activity from a partially purified nuclear extract. Moreover, the
pellet of the KIS1 immunoprecipitates retained a strong histone H3 activity. These observations
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strongly suggest that KIS1 represents an abundant histone H3 methyltransferase in vivo. Indirect
immunofluoresence staining of asynchronous populations of NIH/3T3 cells with both the monoclonal
and polyclonal antibodies revealed that KIS1 is ubiquitously localized throughout the nucleoplasm,
excluded from the nucleoli, and sometimes observed as aggregates in interphase nuclei. The apparent
euchromatic staining patterns for KIS1, suggest that lysine-9 methylation by KIS1 in euchromatic
regions of the nucleus likely facilitates transcriptional repression by recruiting HP1 to create localized
heterochromatin environments. To test this hypothesis, I used a series of chromatin
immunoprecipitations (CHIP) to evaluate the role of KIS1, lysine-9 methylation, and HP1 in the
repression of an endogenous transgene regulated by the KRAB:KAP-1 repression system. These CHIP
experiments revealed co-localization of KAP-1, KIS1, and HP1 along with increased H3 lysine-9
methylation in chromatin of the endogenous, euchromatic transgene that is stably silenced. The
combination of these data indicates that KAP-1 functions as a corepressor/scaffold protein that
coordinates the recruitment of HDAC complexes, histone methylases, and the deposition of HP1
proteins at a euchromatic locus to silence gene expression in a manner consistent with epigenetic
regulation. A manuscript describing these summarized results is currently being prepared for
submission to Science or Cell.

In an independent set of experiments, I designed a biochemical strategy to define new functions
for the HP1 family of proteins. The rationale for these studies stems from an observation that steady
state levels of HP1o are significantly reduced in aggressive, metastatic breast carcinoma cell lines (4).
This observation suggested that an imbalance in HP1-mediated nuclear functions is compromised
during the metastatic transition. To date the functions of the HP1 protein family have been defined by
genetics, cytology, and the protein partners that directly associate with the chromoshadow domain,
including KAP-1, SP100, LBR, ATRX, and CAFI. In order to identify novel functions of the HP1
proteins, I have derived and characterized monoclonal antibodies specific to isoforms of the HP1
protein family that represent both heterochromatic (HP1a) and euchromatic (HP1ly)During
biochemical fractionations of nuclear extract, I specifically found that HP1a stably copurifies as a
core component of a novel four-subunit protein complex of the DNA replication dependent chromatin
assembly factor, CAF1. Conventional chromatography approaches revealed that these four subunits
perfectly co-elute as a 1.5 MDa complex. Although this purified complex exclusively contained
HPlc, I was able demonstrate that CAF1 subunits may also associate with HP1y, albeit to a lesser
extent. Chromatin immunoprecipitation experiments are revealing a very tight co-localization of the
CAF1 subunits with HP1a globally in an extended array of chromatin. These data suggest that the
stable association of HP1 with CAF1 implicates a role for DNA replication dependent chromatin
assembly in maintaining heritable states of chromatin structure. Thus, one hypothesis is that down
regulation of HP1a expression during metastatic conversion leads to global alterations in chromatin
structure, in particular the activation of genes that contribute to the metastatic phenotype which are not
normally repressed. Future experiments, including cDNA microarray, could be designed to identify
sets of genes regulated by HP1a, that may be responsible for the cellular phenotype. These data are
also being prepared for submission to a journal that remains to be determined at this time.
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Key research accomplishments

e Described targeting of the Histone Deacetylase Complex via KRAB-Zinc Finger Proteins: The
PHD and Bromodomains of KAP-1 form a Cooperative Repression Domain that Recruits the Mi-
20 Subunit of the NuRD complex.

e Solved the first solution structure of the KAP-1 PHD finger.

e Identified an interaction between KAP-1 and KIS1, a novel histone H3, Lys-9 specific histone
methyltransferase.

o Extensively characterized the enzymatic activity of KISI.

e Demonstrated the colocalization of KAP-1, KIS1, and HP1 with an increase in histone H3, Lysine-
9 methylation in chromatin of an endogenous gene regulated by the KRAB-ZFP:KAP-1 repression
system.

e Biochemically purified a core 4 subunit complex containing HP1a and the Chromatin Assembly
Factor (HP-CAF)

Reportable Outcomes:
Publications

Capili AD, Schultz DC*, Rauscher III FJ, Borden KLB. Solution Structure Of The PHD Domain
From The KAP-1 Corepressor: Structural Determinants For PHD, RING, And LIM Zinc-Binding
Domains. EMBO Journal, 20: 165-177 (2001).

Schultz DC, Friedman JR, Rauscher III FJ. Targeting Histone Deacetylase Complexes Via KRAB-
Zinc Finger Proteins: The PHD And Bromodomains Of KAP-1 Form A Cooperative Unit That
Recruits A Novel Isoform Of The Mi-20. Subunit Of NuRD. Genes and Development, 15: 428-443

(2001).

* Indicates that author should be considered an equal contributor.

Manuscripts

Rauscher III FJ, Jensen DE, Patel G, Fredericks WJ, Schultz DC, Proctor M, Sekido Y, Minna J,
Chernova TA, Wilkinson KD, Avrutskaya AV, Leadon SA. BRCA1-Associated Ubiquitin Hydrolase
Required for Transcription-Coupled Repair of Oxidative DNA Damge. (Submitted, 2001).

SchultzDC, Ayyanathan K, Rauscher III FJ. The KRAB-ZFP:KAP1 Repression System Targets
Histone H3-K9 Methylation by SETDB1 and HP1 recruitment to Stably Silence Transcription of
Endogenous, Euchromatic Promoters. (In preparation)
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Schultz DC, Lechner MS, Bochar D, Rauscher III FJ, Shiekhattar R. Biochemical Purification of a
HP1a Protein Complex:Implications for DNA Replication Dependent Maintenance of
Heterochromatin. (In preparation)

Grants

NIH-1KO1CA94047-01 (Howard Temin Award) “Functions of a novel SET protein in KRAB:KAP1
repression” (Submitted 2/1/01)

Abstracts

Schultz DC, Capili AD, Borden KLB, Rauscher III F]. The KRAB-ZFP:KAP-1 Repression System
Recruits the Histone Deacetylase Complex, NuRD, via an Interaction Between the PHD and
Bromodomains of KAP1 and the Mi-2 Subunit. (Kestone Symposia-“Mechanisms of Eukaryotic
Transcriptional Regulation,” Santa Fe, NM, February 2001).

SchultzDC, Ayyanathan K, Rauscher III FJ. SETDB1: A novel SET domain protein that contains
histone H3-lysine 9 specific methylase activity, and recruits HP1 to endogenous, euchromatic targets.
(Submitted,Kestone Symposia-“Epigenetics in Development and Disease,” Taos, NM, February 2002).

SchultzDC, Ayyanathan K, Rauscher III FJ. SETDB1: A new SET domain protein with histone H3,
lysine-9-specific methyltransferase activity that contributes to silencing endogenous, euchromatic
genes by recruiting HP1. (Submitted, 2002 AACR Annual meeting-SanFrancisco, CA, April 2002).

Invited Interviews

Iowa State University, Department of Biochemistry and Molecular Biology. Ames, IA. 2/16/01

LSU-Shreveport, Department of Biochemistry. Shreveport, LA. 2/22/01

Tulane University Medical School, Department of Pharmacology. New Orleans, LA. 3/9/01

MCP/Hahnemann, Department of Biochemistry. Philadelphia, PA. 3/15/01

Case Western Reserve University, Department of Pharmacology. Cleveland, OH. 3/19/01

UMDNJ, Department of Biochemistry. Newark, NJ. 3/26/01

University of Michigan, Department of Human Genetics. Ann Arbor, MI. 3/30/01

Florida International University, Department of Biological Sciences. Miami, FL. 5/7/01

Roswell Park Cancer Institute, Department of Cancer Genetics. Buffalo, NY. 5/16/01

St. Jude’s Childrens Hospital, Department of Biochemistry, Memphis, TN. 5/22/01

Northwestern School of Medicine, Department of Molecular Pharmacology and Biological Chemistry.
Chicago, IL. 6/14/01

Conclusions:

The goal of this research fellowship was to further broaden my training in molecular
biology/biochemistry with a particular focus on understanding the biochemical functions of novel gene
products, which may have a role in the etiology of human disease. The findings of the current research
have greatly fostered the development of a new research program, addressing the role of epigenetic
regulation of gene expression in breast cancer, which I will pursue as an independent investigator. I
have made sixty-five applications for a tenure-track faculty position as an assistant professor. I had
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eleven independent interviews from this application process and was formally offered a tenure-track
faculty position from 6 different academic institutions. I have formally accepted a position in the
Department of Pharmacology at the Case Western Reserve School of Medicine. The long-range goal
of this lab will be to understand mechanisms epigenetic gene regulation during both normal
development and pathogenesis. The immediate focus will continue to use both genetic and
biochemical approaches to evaluate the role of chromatin modifying machinery in epigenetic gene
regulation. The rationale for this research is that once the mechanics of transcriptional repression of
gene promoters at the chromatin level is known, new and innovative approaches, both genetic and
pharmacologic, can be designed to reverse aberrant, gene expression in breast cancers.
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Solution structure of the PHD domain from the
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Plant homeodomain (PHD) domains are found in
>400 eukaryotic proteins, many of which are tran-
scriptional regulators. Naturally occurring point
mutations or deletions of this domain contribute to a
variety of human diseases, including ATRX syndrome,
myeloid leukemias and autoimmune dysfunction. Here
we report the first structural characterization of a
PHD domain. Our studies reveal that the PHD domain
from KAP-1 corepressor binds zinc in a cross-brace
topology between anti-parallel B-strands reminiscent
of RING (really interesting new gene) domains. Using
a mutational analysis, we define the structural fea-
tures required for transcriptional repression by
KAP-1 and explain naturally occurring, disease-caus-
ing mutations in PHD domains of other proteins.
From a comparison of this PHD structure with previ-
ously reported RING and LIM (Linl11/Isl-1/Mec-3)
structures, we infer sequence determinants that allow
discrimination among PHD, RING and LIM motifs.
Keywords: KAP-1/LIM/PHD/RING/zinc finger

Introduction

Biological processes depend on the spatial and temporal
targeting of specific macromolecular interactions. The
presence of highly conserved amino acid sequence motifs
and their structural arrangement within a novel protein
can provide the first clue to the protein’s function. Modular
motifs within multi-domain proteins often specify inter-
acting partners and the identification of these interactions
has been beneficial in defining biochemical functions
of particular proteins and their cellular pathways.
Furthermore, these modular domains are often targets of
mutations that disrupt the cellular pathways in which they
function. Identification of modular domain type through
sequence homology studies alone can lead to ambiguous
domain-type assignment, making prediction of function a
difficult enterprise. Thus, biophysical characterization and
determination of the three-dimensional (3D) structure
are essential for understanding cellular and biological
function.

© European Molecular Biology Organization

The plant homeodomain (PHD) or leukemia associated
protein (LAP) domain is a relatively small motif of ~60
amino acids that is found in >400 eukaryotic proteins,
many of which are believed to be involved in the
regulation of gene expression, including the KAP-1/
TIF1p, WCRF/WSTF, Mi-2 and CBP/p300 families
(Aasland et al., 1995). It has been suggested that this
domain is involved in protein—protein interactions related
to a possible role in chromatin-mediated regulation of gene
expression (Jacobson and Pillus, 1999). Although no direct
role in transcriptional processes has been reported for this
domain, recent reports indicate that the extended PHD
domain of AF10 is necessary for homo-oligomerization,
an event required for the ability of the AT hook motif in
AF10 to bind DNA (Linder et al., 2000).

The biological importance of the PHD domain is
underscored by its involvement in the pathogenesis of
several human disorders. Clinically relevant missense
mutations in the PHD domain of the ATRX protein result
in o-thalassemia and mental retardation (Gibbons ef al.,
1997; Rinderle et al., 1999). Germline nonsense mutations
in the AIRE gene result in truncated proteins where one or
both of the PHD domains are deleted in patients with
autoimmune polyglandular syndrome type 1 (APECED)
(The Finnish-German APECED Consortium, 1997).
Somatically acquired point mutations in the PHD domain
of ING1 have been identified in head and neck squamous
cell carcinomas (Gunduz et al., 2000). Chromosomal
rearrangements that delete this motif in proteins such as
MLL, CBP, MOZ and AF10 result in myeloid leukemias
(Jacobson and Pillus, 1999). Furthermore, genes encoding
PHD domain proteins have been identified in the critical
deletion regions of several contiguous gene deletion
syndromes such as Williams syndrome (WSTF) and the
immunodeficiency syndrome ICF (DMNT3B) (Lu et al.,
1998; Aapola et al., 2000). The prevalence of disease-
causing mutations in PHD domains suggests that they play
a basic and essential role in the normal function of human
cells.

The PHD domain is a motif characteristically defined by
seven cysteines and a histidine that are spatially arranged
in a C4HC3 consensus with intervening sequences of
varying length and composition (Aasland et al., 1995).
This particular arrangement of amino acids is highly
homologous to the RING (really interesting new gene) and
LIM (Lin11/Tsl-1/Mec-3) domains (Figure 1A) (Borden
and Freemont, 1996; Dawid et al., 1998). In both the
RING and the LIM domain, these conserved cysteine and
histidine residues are utilized to bind two zinc atoms, a
process cooperatively coupled to the folding of the
domains. The LIM uses a sequential zinc ligation scheme,
where the first and second pair of metal ligands create the
first zinc-binding site, while the third and fourth pair form
the second site (Figure 1B). In contrast, the RING domain
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Fig. 1. (A) The consensus sequences that define the PHD, RING and LIM domains. C. cysteine: H, histidine: X. any residue. Above the consensus
sequence the number of each metal ligand. ml, is given. The first and second pairs of sequential metal ligands are in dark blue, while the third and
fourth pairs are in magenta. (B) Demonstration of zinc ligation patterns found in RING and LIM domains. The RING uses a cross-brace ligation
scheme while the LIM uses a sequential ligation scheme. Numbers correlate to the number of the metal ligand as defined in (A). Zinc atoms are
represented by gray ovals and the zinc-binding sites are denoted by roman numerals. (C) Ribbon diagrams of the three-dimensional structures. Zinc
atoms are represented by spheres. Structures arc from the RING of PML (1BOR) and for LIM (1A71). (D) A schematic representation of the domains
in the KAP-1 protein. RING, the RING domain: B1 and B2, two adjacent B-boxes; Coiled-Coil. a leucine coiled-coil domain: hatched box, the TIFF
signature sequence; black box, the HP1-binding site: PHD, the PHD domain; Bromo. the bromodomain.

utilizes a unique cross-brace ligation topology, where the
first and third pair of metal ligands form the first zinc-
binding site (site I), while the second and fourth pair form
the second site (site II) (Figure 1B). The different
arrangements of metal ligands result in dramatically
different 3D structures (Figure 1C). The choice of ligation
topology is undoubtedly critical for proper folding and
domain functionality. Given the sequence similarity

amongst PHD, RING and LIM domains, one is unable to -

predict the ligation scheme and fold by sequence analysis
alone.

Here, we report the first solution structure of the PHD
domain from the KAP-1 corepressor (also known as TIF1
or KRIP1), a universal corepressor for the KRAB-zinc
finger superfamily of transcriptional repressors (Friedman
et al., 1996). An N-terminal RBCC domain (RING
domain, B-boxes and coiled-coil region) is both necessary
and sufficient for interaction of KAP-1 with the KRAB
repression module (Peng et al., 2000a,b). Amino acid
sequences C-terminal to the RBCC domain represent at
least two independent repression domains. A direct
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interaction between KAP-1 and the HP1 family of proteins
suggests that KRAB-zinc finger proteins repress transcrip-
tion through heterochromatin-mediated gene silencing
(Ryan et al., 1999; Lechner et al., 2000). The PHD
domain is found on the C-terminus of KAP-1, adjacent to a
bromodomain defining an independent repressional unit
(Figure 1D). These two domains are found together in ~30
PHD-containing proteins, suggesting that they may func-
tionally interact (Le Douarin et al., 1995, 1996; Friedman
et al., 1996; Venturini et al., 1999; Bochar et al., 2000;
Jones et al., 2000). We demonstrate that the PHD forms an
autonomously folding domain that binds two zinc atoms in
a cross-brace RING-like arrangement. Not only are the
zinc ligation schemes identical, but also the tertiary
topologies of the PHD and RING domains are remarkably
similar. From the comparison of PHD, RING and LIM
domains, it is possible to derive unique structural deter-
minants. Structure-based site-directed mutational analysis
reveals structural features of the PHD domain that are
critical for the ability of KAP-1 to repress transcription.
Furthermore, we are able to rationalize the structural
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Fig. 2. (A) CD spectrum of untagged KAP-1 PHD prior to add-
ition of EDTA (solid line) and after addition (dashed line).

(B and C) 'H/'N-HSQC of KAP-1 PHD produced in minimal
media not supplemented (B) or supplemented with zinc (C).

consequences of mutations in the PHD domains of other
proteins such as ATRX and ING1, where these mutations
correlate with human disease.

Results and discussion

The PHD domain requires zinc for folding

The conservation of eight potential metal ligands in the
PHD family suggested that it is a zinc-binding protein. In
order to analyze the chemical and physical characteristics
of the PHD domain, we expressed the KAP-1 PHD (amino
acids 618-679) in Escherichia coli and purified the protein
to homogeneity using affinity and size exclusion chroma-
tographies. Analytical ultracentrifugation experiments
suggest that >90% of the PHD protein in solution is a
monomer (data not shown). To determine the identity and
stoichiometry of metal bound by the PHD domain, we
used inductively coupled plasma (ICP) spectrometry.
These measurements indicate that a 3.0 mM solution of
KAP-1 PHD protein contains 5.2 mM (# 3.3%) zinc. This
ratio of one protein molecule to 1.7 zinc atoms indicates
that the PHD binds two zinc atoms per protein molecule,
potentially utilizing its eight conserved cysteine and
histidine residues for metal ligation.

Based on this result, we investigated the role of zinc in
structure formation of the PHD domain using circular
dichroism (CD) and nuclear magnetic resonance (NMR)
spectroscopies. The CD spectrum of KAP-1 PHD denotes
a folded protein with substantial B-sheet and no significant
helical content (Figure 2A). Introduction of the metal
chelating agent EDTA results in complete loss of second-

Solution structure of the PHD domain

ary structure. Addition of ZnCl,, in excess of EDTA,
results in re-folding of the domain (data not shown).
Similarly, 'H/!SN-HSQC (heteronuclear single quantum
correlation) NMR experiments indicate that the KAP-1
PHD domain requires zinc for proper folding (Figure 2B
and C). In these experiments, the PHD domain was
expressed in minimal media in the presence or absence of
zinc and purified identically. The spectrum of the sample
expressed in the absence of zinc shows poor dispersion of
amide proton chemical shifts, indicative of an unfolded
protein (Figure 2B). In contrast, the sample expressed in
the presence of zinc produces a spectrum revealing a
substantial increase in chemical shift dispersion, a
decrease in line widths, and the appearance of virtually
all expected backbone amide resonances; all hallmarks of
a well-folded protein (Figure 2C). Thus, like RING and
LIM domains, the binding of two zinc atoms is necessary
for folding of the PHD domain.

The structure of the KAP-1 PHD domain reveals a
cross-brace zinc ligation scheme
We determined the solution structure of the KAP-1 PHD
domain using standard homonuclear and heteronuclear
NMR techniques. Initial NMR studies were conducted on
an N-terminal His-tagged construct of KAP-1 (amino
acids 618-679) containing the entire PHD domain. A
comparison of 2D 'H/’N HSQC and NOESY (nuclear
Overhauser effect spectroscopy) spectra of tagged and
untagged proteins revealed that the two spectra were
identical apart from resonances corresponding to the tag
(data not shown). Thus, the presence of this N-terminal His
tag had no influence on the structure of the PHD domain.
An initial set of structures was generated without
reference to metal ligation in order to determine the
residues involved in zinc binding. These structures indi-
cated a cross-brace ligation scheme with residues C628,
C631, H648 and C651 forming one zinc-binding site
(site I) and C640, C643, C666 and C669 forming the other
(site II). These sites were partially defined by the
individual NOEs observed between residues implicated
in zinc ligation. For instance, long-range NOEs were
observed between C666 and C640, C631 and C651, and
C640 and C669; in addition, several NOEs between
residues adjacent to the zinc ligands were observed.
Subsequent structure calculations included Zn atoms and
additional constraints defining tetrahedral coordination.
To ensure that a cross-brace was the correct zinc ligation
scheme, alternative schemes were calculated but none
satisfied the experimental constraints. The final ensemble
is displayed in Figure 3A and all atoms are depicted in
Figure 3B. Statistics of the ensemble are given in Table L.
The structure of the KAP-1 PHD domain reveals a
globular domain binding two Zn atoms in a distinguishing
cross-brace fashion (Figure 3). In this arrangement,
residues C628, C631, H648 and C651 form a single
zinc-binding site (site I), while C640, C643, C666 and
C669 form the second site (site IT) (refer to Figure 3E). The
formation of site I begins with an eight residue loop
(residues 627-634), which continues into an extended
region (residues 635-636) followed by the first 3-strand
(B1; residues 637-640). Site II is then created by a turn
(residues 641-644) that ends in the second B-strand (By;
residues 645-647) running anti-parallel to ;. The first
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Fig. 3. The KAP-1 PHD structure. (A) o-carbon overlay of 10 KAP-1
PHD domain structures. The residues N-terminal to 1627 and
C-terminal to H670 are disordered and not shown. The average position
of the two zinc atoms is represented by white spheres. The blue portion
of the ensemble represents the flexible hinge region described in the
text. Structural statistics are given in Table I. (B) All-atom view of
KAP-1 PHD in the same orientation as in (A). The main chain is
colored in gray. Side chains are colored as follows: hydrophobic in
yellow, polar (non-charged) in cyan, polar (acidic) in red, and polar
(basic) in blue. (C and D) Ribbon diagram of the KAP-1 PHD domain.
The PB-strands are shown as arrows and zinc ligands in green.

(E) Sequence alignment of PHD domains and a schematic depicting
zinc ligation.

zinc-binding site is completed by another loop (residues
648-652). This portion is followed by an extended flexible
region (residues 653-663; shown in blue, Figure 3A)
demarcated by two proline residues (P654 and P660),
which appear to act as a hinge relative to the rest of the
domain (Figure 3A). This flexible region is followed by a
third B-strand (Bs; residues 664-666), leading to the
completion of the second zinc-binding site (residues
666-670). Numerous hydrophobic interactions appear to
stabilize this structure. F647 is at the center of the
hydrophobic core packing against W664, V638, L656 and
H652. Interestingly, the proton resonances for the aromatic
ring of F647 are not degenerate, indicating that the phenyl
group is not free to rotate in the core, suggesting that the
core is tightly packed. Analysis of the electrostatic surface
potential reveals two areas of discrete charge (Nicholls
et al., 1991). Most notably, the flexible hinge (residues
653-663) is lined with several Glu and Asp residues,
contributing to a negatively charged surface, and the
presence of Arg629 and Lys633 results in a positively
charged cluster around site I. Ongoing mutational analyses

168

Table 1. Structural statistics

Restraints for structure calculation (residues 627-670)

total restraints 385

total NOE restraints 317
intra-residue 78
sequential 118
medium range (2 < li—jl < 4) 26
long-range (li-jl = 5) 95

dihedral angle () 20

H-bond restraints 12

zinc distance restraints 20

zinc angle restraints 16

Final energies (kcal/mo!)

Eoial 37.1 £ 1.}

EnNoE 0.30 £ 0.21

Ecain 0.05 * 0.04

Coordinate precision (627-653, 664—-670)

r.m.s.d. of backbone atoms 0.73 £ 0.16 A

r.m.s.d. of all heavy atoms 148 £ 0.18 A
Procheck analysis (627-670)

most favored regions 36.0%

additionally allowed 45.9%

generously allowed 14.9%

disallowed region 2.4%

will be utilized to determine the importance of these
features to KAP-1 PHD function. In terms of charge and
topology, no structural features typical of nucleic acid
binding proteins are observed, such as those present in the
Kruppel-like or GATA-like zinc fingers (Klevit, 1991;
Omichinski et al., 1993). This suggests that the PHD is not
a nucleic acid binding domain.

The PHD domain structurally resembles a RING

Unlike the sequential zinc ligation pattern used by the LIM
domains, the KAP-1 PHD domain structure shows a zinc
ligation pattern similar to RING domains. Therefore, we
carried out a detailed comparison between the PHD
domain and three previously reported RING domain
structures, from the promyelocytic leukemia protein
PML, the immediate early equine herpes virus protein
IEEHV (also known as ICP0) and the recombination
protein RAGI (Protein Data Bank codes 1BOR, 1CHC
and IRMD, respectively; Barlow et al., 1994: Borden
et al., 1995a; Bellon er al., 1997). These proteins have no
sequence homology outside of conserved metal-binding
residues. Strikingly, in all cases the inter-zinc distance is
~14 A, presumably because the central B-strand of these
molecules is the same length (B, in KAP-1 PHD) and all
use the cross-brace ligation scheme. Because PHD and
RING domains use different permutations of cysteines and
histidines for metal ligation, for clarity we denote the ith
conserved metal-ligating residue along the primary
sequence by ml;. Notably, a conserved hydrophobic core
residue (F647) is located in B, just N-terminal to mls.
Inspection of these structures indicates that the first zinc-
binding site and anti-parallel B-strands (B,B,) of PHD
overlay strikingly well with the three RING structures
(Figure 4). An a-carbon backbone alignment of RING and
KAP-1 PHD structures for site I overlay almost exactly, as
do the zinc atoms. The root mean square difference
(r.m.s.d.) of the o-carbon backbone for residues around
site I is 1.4 A when compared with PML, and 1.3 A when
compared with IEEHV or RAGI (Figure 4C). PML,




Fig. 4. Comparison of the KAP-1 PHD, PML RING, IEEHV RING
and RAG] RING. Superposition of KAP-1 PHD (with blue B-strands,
aa 627-652) and PML RING (magenta B-strands, aa 56-81) (A) and
RAG1 RING (yellow B-strands, aa 292-317) (B) from the first metal
ligand to the sixth metal ligand. The white spheres represent zinc atoms
with the upper zinc atom being site I. The orientation of KAP-1 PHD is
the same in both panels. (C) Superposition of zinc-binding site I for
KAP-1 (627-632, 647-652), PML (56-71, 76-81), IEEHV (7-12,
28-33) and RAG1 (292-297, 312-317). The metal ligands are colored
according to protein: KAP-1 in blue, PML in magenta, IEEHV in green
and RAGI in yellow. (D) Superposition of the conserved hydrophobic
core residues N-terminal to metal ligand 5 and C-terminal to metal
ligand 6 (L76 and L81 in PML, F28 and I33 in IEEHV, and F312,
1317, F647 and H652 in PHD). The side-chains are colored as in (C).
The core residues from PHD are noted for clarity. The conserved
tryptophan within the PHD family (W664 in KAP-1) is seen here
inserting between the other core residues, repositioning the core.

IEEHV and RAG1 RINGs have a large insertion along the
B strand relative to KAP-1 PHD (Figure 5). Comparison
of residues just N-terminal to ml; through to just
C-terminal to mls, which include residues in the hydro-
phobic core, results in r.m.s.d. values between KAP-1 and
PML of 2.0 A, between KAP-1 and IEEHV of 2.1 A, and
between KAP-1 and RAGI of 1.9 A. The sequence
identity in this region is 20% between PML and KAP-1,
22% between IEEHV and KAP-1, and 24% between
RAG1 and KAP-1 (Figure 4A and B). Normally, r.m.s.d.
values of ~2 A are expected for proteins with sequence
identities >30% (Flores et al., 1993). Thus, these levels of
similarity are striking considering there is virtually no
sequence conservation between these domains outside of
their conserved zinc ligands.

Solution structure of the PHD domain

Like the PHD family, the RING family shows
substantial structural plasticity between ligands mis and
ml,, where the chain completes site I and continues
towards site II. In PHD domains, the spacing varies
from 12 to 46 residues, and in RING domains, the
spacing varies from 4 to 48 residues. The RINGs of
IEEHV, RAG1 and BRCAI have large inserts in this
region, forming a helix. However, RINGs with shorter
inserts, e.g. PML and BARDI, do not have a helix
in this region (information for BRCAl and BARDI;
P.Brozvic and RKlevit, personal communication;

‘reviewed in Borden, 1998). In contrast, this region in

the KAP-1 PHD contains the flexible hinge (residues
653-663). Although this insert is comparable in size to
that of RINGs containing a helix, the propensity for
this region to adopt a helical conformation is highly
unlikely due to the presence of two proline residues
(P654 and P660).

A major structural difference between PHD and
RING domains is found in the hydrophobic core.
Residues that form the hydrophobic core of the RING
structures are N-terminal to mls and C-terminal to mls
(L76 and L81 in PML, F28 and 133 in IEEHV, F312
and I317 in RAGI; see also Figures 4D and 5)
(Barlow et al., 1994; Borden et al., 1995a; Borden,
1998). Conserved hydrophobic residues at the same
positions within the amino acid sequence are also
found in the PHD (F647, N-terminal to mls; and H652,
C-terminal to mls). However, there exists an additional
conserved hydrophobic residue in PHD: a tryptophan
two residues N-terminal to ml, (W664 in KAP-1;
Figures 4D and 5). This tryptophan, which is highly
conserved throughout the PHD family, -inserts between
the core residues N-terminal to mls; and C-terminal to
mlg and thereby forms part of the hydrophobic core. In
RINGs, no hydrophobic core residue exists at the
position two residues before ml, (Figures 4D and 5).
Rather, in all RING structures reported, the amino acid
at this position is actually solvent exposed (Borden,
1998). This additional core residue appears specific to
the PHD family. The presence of W664 alters the
arrangement of the core where H652, which is
C-terminal to mls is not as central to the core as
this residue is in the RING domain. Additionally, the
trace of the main chain is virtually unaltered relative
to the RING fold (Figure 4D). Ligands ml; and ml, in
site II are positioned almost identically in both PHDs
and RINGs. In summary, both RING and PHD
domains have conserved hydrophobic residues that
are in the same sequence position and are found in
the core of the domains. However, PHD accommodates
an additional core residue, W664.

Aside from differences in the hydrophobic core, there
are significant differences in the main-chain trace between
mls and ml; in PHD compared with RING domains. At
H652, just C-terminal to mls, the main-chain trace deviates
significantly from RING domains. This difference appears
to result from the participation of W664 (two residues
N-terminal to ml,) in the hydrophobic core. This alters the
position of ml, and mig relative to the RINGs. These
differences suggest that the PHD domain, although
structurally similar to the RING in part, could bind
structurally distinct partners and display unique biological
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activities. We expect that insertion size and sequence
variability between ml, to ml; and mi; to ml, result in
substantial structural plasticity in PHD domains, imparting
specificity onto a common structural scaffold stabilized by
zinc.

PHD
KAP-1 (627)

TIFla (794)

Mi2o (372)

ATRX_HUMAN (102)

DNMt 3A (95)

ING1 (212)

YNJ7_Y (282)

RBB2_HUMAN (1163)

RBB2_HUMAN (1647)

YM42_YEAST (1240)

YMWS_YEAST (262)

YA27_SCHPO (265)

YAC5_SCHPO (119)

AIRE_HUMAN (298)

CHD4_HUMAN (451)

X169_HUMAN (326)

RBB2_HUMAN (295)

HT31_ARATH (204)

PRH_ARATH  (192)

CHD3_CAEEL (267)

CHD3_HUMAN (381)

CHD3_CAEEL (330)

YJ89_YEAST (237)

FALZ_HUMAN (253)

YANC_SCHPO (261)

YGN1_YEAST (319)

YAJ8_SCHPO (234)

AF17_HUMAN (7)

YGN1_YEAST (1040)

HRX_HUMAN  (1433)

RING

PML (56) R AEAKCPKLLP-----
IEEHV (7) PIMLEDPSNYSMALP----
RAG1 (292)  SEOIMEHILADPVETN-----
BRCAl (23) EMPIMLELIKEPVSTK----~
BARD1 (49) SRETNILREPVCLGG--~-
c-Cbl (380) KISAENDKDVKIEP--~--
MDM2 (435) IEOGRPKNGCIVHGK- - -
MDMX (436) SL{EEKRPRDGNIIHGR- -~
MAT (5) PRKTTKYRNPSLKLMVN
Z (31) SEKSWQKFDSLVR-—-~~~~
Mel-18 (17) GGYFIDATTIVE----
LIM

CrplLiml (9) QKAVYFAEEVQCEGSS
CRPLIM2 (117) GQAVYAAEKV IGAGKS
CRIPrat (2) DKEVY FAERVTSLGKD
Lin-11 (67) QPILDRYVFTVLGK
ISL-1 (16) GNQIHQYILRVSPDLE
MEC-3 (28) QIYDRYIYRMDNRS-
LMX~1 (34) RVISDRFLLRLNDSH!
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Sequence determinants for RING, LIM and PHD
domains

The structural similarity between PHD and RING
domains, coupled to the dissimilarity with LIM domains